Silicon nitride (Si 3 N 4 ) has been introduced clinically as an orthopedic biomaterial for interbody fusion devices and in joint replacements. However, the production of complex shapes through conventional mechanical machining is difficult and expensive and limits interesting applications. Thus, several electrically conductive reinforcements to the Si 3 N 4 matrix, like TiN, have been proposed, generating composites suitable to be wrought by electrical discharge machining (EDM). In this study, Si 3 N 4 -TiN with high strength, low density, and good electric conductivity wrought by EDM was studied. The role of surface finishing was investigated comparing the interface generated during the EDM process to that resulting from further polishing. The different topographical features were assessed by electron microscopy, energy dispersive X-ray spectrometry, and profilometry. Surface wettability was also determined based on the measurement of the OCA of water and diiodomethane. The biological responses induced in MC3T3 cells, a widely diffused osteoblast model, were correlated with the surface pattern. The unpolished samples could promote better cell viability, with a more relevant effect on the cytoskeleton arrangement as highlighted by numerous cytoplasmic extensions and filopodia-like structures and the high number of focal adhesions, while MC3T3 cells grown on polished Si 3 N 4 -TiN specimens displayed a flat morphology. In addition, the unpolished Si 3 N 4 -TiN increased osteocalcin production and calcium deposition. Taken together, these data support the biocompatibility and in vitro osteogenic properties of the electroconductive Si 3 N 4 -TiN investigated. Further in vivo studies are required to explore the possible use of bone implants directly obtained by EDM.
Introduction
Silicon nitride (Si 3 N 4 ) is a ceramic endowed with most favorable mechanical and chemical properties [1] [2] [3] [4] first experimented in a human clinical trial in 1986 [5] . More than twenty years have passed before the actual introduction of Si 3 N 4 to the biomedical market of the United States and European Union, as an orthopedic biomaterial for interbody fusion devices [6, 7] . Due to its outstanding compression strength and resistance to brittle fractures, Si 3 N 4 proved useful to develop bearings improving wear and longevity of hip and knee prostheses [8] [9] [10] .
The unique microstructure of silicon nitride, which is stable at room temperature, is the base of its outstanding strength and toughness. The material is made of needle-like interlocking grains immersed in a thin (\2 nm) refractory glass [11] . Unlike monolithic zirconia, Si 3 N 4 exists as an irreversibly stable phase and, owing to its bridging grains, a hypothetical crack propagation is restricted within the crack wake requiring a high energy path through the material [12] [13] [14] .
Silicon nitride showed favorable features for cell interaction supporting its good biocompatibility [10, [15] [16] [17] . Several cell cultures have successfully been implemented and grown on silicon nitride substrates [15, [17] [18] [19] [20] [21] [22] [23] .
For instance, the semiconductivity features of Si 3 N 4 were interestingly exploited for investigating a nervous in vitro model of cochlear nucleus cells [24] . Carter et al. demonstrated that 3T3L1 adipocytes and H9c2 myocytes can grow on silicon nitride membranes [25] and, by coating Si 3 N 4 surfaces with poly-L-ornithine and laminin, PC12 cell adhesion was improved [26] . Besides the first in vitro experiments [21] , the osteoconductive capacity of silicon nitride was assessed in vivo, where porous or unpolished surfaces properly osseointegrated with recipient bone [23, [27] [28] [29] [30] .
Among the others, two properties of silicon nitride are indeed very attractive for the clinical use: (a) the decreased bacterial activity on its surface when compared to PEEK and titanium [30, 31] and (b) the absence of artifacts on radiogram, CT, and MRI images, with standard imaging techniques [7] .
The high hardness of Si 3 N 4 , however, makes the production of complex shapes through conventional hard grinding with diamond tools difficult and expensive. To address this issue, electrically conductive reinforcements such as TiN, TiC, TiB 2 , ZrB 2 , were added to the Si 3 N 4 matrix, generating composites with predicted excellent properties for wear and structural applications [32, 33] . Most importantly, the abovementioned reinforcement phases, when in correct amounts, i.e., over about 30 vol% [34] , render these electrically conductive composites suitable to be wrought by electrical discharge machining (EDM) [35] .
The EDM has achieved promising results with complex shapes obtained from bulks with high densification [17] . Bucciotti et al. proposed the manufacturing of orthopedic prototypes both through the EDM process and the traditional hard grinding with diamond tools [34] . However, no insight about the possibility to use Si 3 N 4 -TiN biomedical devices as prepared via EDM, without any further surface treatment, is present in literature, to our knowledge. To this purpose, this in vitro study compares the cell viability and osteogenic differentiation on the surface of EDM wrought and partially polished Si 3 N 4 -TiN.
Materials and methods

Sample preparation
Silicon nitride was prepared and shaped as 15 mm diameter disks, according to a manufacturing process previously described [17] , through electrical discharge machining. Two kinds of samples, having different surface topography, were used: Si 3 N 4 -TiN as it was after EDM (ModA) and the material polished recurring to diamond suspension in ethanol with decreasing granulometry to the purpose of removing the melted EDM layer and reducing the surface roughness (ModB).
Microscopy
Microstructure was studied by means of a scanning electron microscope (Zeiss SUPRA 40, Carl Zeiss AG, Oberkochen, Germany) with energy dispersion spectroscopy analyzer for elemental composition detection. Before examination, the samples were: (a) washed in distilled water, (b) rinsed thoroughly in 70 % ethanol water solution, (c) cleaned ultrasonically in absolute ethanol for 20 min, and (d) air dried under a chemical hood.
Energy dispersive X-ray (EDX)
The energy dispersive X-ray spectroscopy (EDX) analysis was performed by means of an EDAX detector mounted on a JEOL JSM 5200 scanning electron microscope (SEM), at an energy of the primary electron beam of 25 keV. Samples were previously metallized in order to avoid charge accumulation during EDX analysis. The metallization process was performed by a DC magnetron sputtering, growing an AuPd thin film alloy of a few nanometers.
Roughness
Surface roughness was measured recurring to a noncontact 3D surface profiler (Talysurf CCI 3000, Taylor Hobson Limited, Leicester, England). Ten measurements were conducted on each sample according to four parameters (Sa, Ssk, Sku, and Sz). As described elsewhere [36] , Sa is the arithmetic mean of the absolute values of the surface point departures from the mean plane within the sampling area. Ssk is the skewness, representing the deviation from the average baseline, where positive Ssk values indicate a majority of peaks on the surface, while negative Ssk values indicate a majority of valleys. Sku, kurtosis, describes the probability density sharpness of the profile. Sku is less than 3 in presence of rather flat surfaces, it assumes values greater than 3 for surfaces with high peaks and low valleys. Sz expresses the sum of the maximum value of peak height and the maximum value of valley depth on the surface within the measured area. To calculate the roughness values a Gaussian filter with a 0.8 mm ''cut-off'' value was applied for filtering the surface profiles.
Contact angle and surface energy
An OCAH 200 system (DataPhysic Instruments GmbH), equipped with a charge-coupled device camera and an automatic dosing system for the liquid was used for surface wettability measurements. [37, 38] . Drop profiles were fitted through the Young-Laplace method, and contact angles between fitted function and base line were calculated by the SCA20 software. Standard deviation has been calculated for each sample on a dataset of at least three droplets for each liquid. Surface free energy of substrates was determined using the Owens-Wendt-Kaelble (OWK) method [39] .
Cell culture
The pre-osteoblastic murine cell line MC3T3-E1 (ECACC, Salisbury, UK) was used to characterize the biological responses in vitro. Cells were maintained in Alpha MEM supplemented with 10 % fetal bovine serum (Life Technologies, Milan, Italy), 100 U/ml penicillin, 100 mg/ml streptomycin, were passaged at subconfluency to prevent contact inhibition, and were kept under a humidified atmosphere of 5 % CO 2 in air, at 37°C. To perform the in vitro biological assays described in the following sections, cells were cultured on the Si 3 N 4 -TiN samples described above.
Cell viability
MC3T3 cells were plated at a density of 2500 cells/ well in 24-well culture dishes and the viability was assessed by Cell Titer GLO (Promega, Milan, Italy) at 1, 2, and 3 days, according to the manufacturer's protocol.
Cell morphology and focal adhesion quantification 
Osteogenic cell differentiation
MC3T3 cells were differentiated by supplementing the culture medium with 10 mM ß-glycerophosphate and 50 ng/ml ascorbic acid. Alkaline Phosphatase activity was determined using Alkaline Phosphatase Assay Kit (Abcam, Cambridge, UK), which measures the conversion of the colorless substrate p-nitrophenol phosphate by the enzyme alkaline phosphatase to the yellow product p-nitrophenol. Cells were lysed with 0.05 % Triton X-100 and incubated with the reagent solution containing phosphatase substrate (Sigma-Aldrich, Milan, Italy) at 37°C for 15 min. Optical density (OD) was measured at a wavelength of 405 nm (reference 620 nm). To adjust the final alkaline phosphatase concentration per total protein content, part of the cell lysates obtained for ALP quantification was incubated with BCA TM (Thermo Fisher Scientific, Waltham, MA, USA) Protein Assay, as per the manufacturer's instructions. OD was measured at a wavelength of 562 nm and data were normalized, as described previously [40] .
Calcium content assay
The calcification of the extracellular matrix deposed on surfaces was quantified colorimetrically by Alizarin Red staining. Briefly, at day 21, MC3T3 cells were first incubated in a solution of 40 mM Alizarin Red (pH 4.2) and subsequently lysed with acetic acid. Absorbance of the lysates was finally measured at 560 nm.
OCN detection in cell-conditioned media
Osteocalcin (OCN) was measured in cell-conditioned media by Mouse Osteocalcin ELISA Kit (MyBioSource, Inc, San Diego, USA) following manufacturer's instructions.
Statistical analysis
Data were analyzed by GraphPad Prism 6 (GraphPad Software, Inc., La Jolla, CA, USA). Each experiment was repeated at least three times. Statistical analysis was performed using the Student t test. A p value of \0.05 was considered significant. 
Results
Topography and surface analyses
A detail of the two silicon nitride-titanium nitride surfaces obtained by SEM is reported in Fig. 1 . ModA shows (Fig. 1a, b) an interesting coalesced structure derived from the melting generated during the manufacturing process, while, on ModB (Fig. 1c, d ), the melted layer appears removed in large extent. The EDX spectra of the samples are depicted in Fig. 2 and correspond to the expected outcome. The tridimensional analyses of ModA and ModB based on the profilometric parameters Sa, Ssk Sku, and SZ are reported in Table 1 . According to Sa and Sz values, ModA is rougher than ModB. In addition, it can be noticed that both the surfaces present high peaks and low valleys (negative skewness), which is consistent with the positive kurtosis values found. It is noteworthy that ModA reaches much higher SZ values than ModB, as it could be expected for a rougher surface. Figure 3 shows the H 2 O (a, c) and CH 2 I 2 (b, d) 1.5 lL droplets in contact with ModA (a, b) and ModB (c, d) surfaces, respectively. The contact angle (CA) measured with water on ModA, which was the rougher substrate, is higher than the one observed for ModB, thus suggesting a lower surface wettability of ModA. Table 2 Cell morphology, viability and focal adhesion quantification MC3T3 cells grew well on all Si 3 N 4 -TiN samples. Cell viability was significantly higher on ModA than on ModB, at 2 and 3 days, even if both the tested surfaces could properly sustain cell growth (Fig. 4) . Owing to the cytoskeleton stain obtained by rhodamine phalloidin, fluorescent images of adherent osteoblasts at 24 h (Fig. 5a-d) clearly show that ModA enhanced the morphological complexity with more tapered cells than ModB. On the other hand, ModB promoted a flatter cell shape and thus increased significantly the mean spreading cell area, when compared to ModA (Fig. 5e) . Consistently with this last observation, a higher density of focal adhesions ( Fig. 5f ) was quantified on the ModA surface, through paxillin immunofluorescent detection [41] , (source images not shown). Figure 4 Cell viability assay measured using CellTiter-GLO at 24, 48, and 72 h. Error bars represent standard error. The asterisk (*) indicates the statistical significance vs. ModB using Student's t test considering a p value \0.05.
Osteogenic cell differentiation
The osteogenic differentiation was measured by evaluating the alkaline phosphatase activity, as well as the deposition of bone matrix on the specimens and the osteocalcin release in the extracellular media. ALP activity was not statistically different between ModA and ModB (Fig. 6a) , although a trend in favor of ModA can still be seen. ModA promoted a statistically significant greater osteogenic response than ModB, both in terms of extracellular calcium deposition (Fig. 6b ) and osteocalcin release (Fig. 6c) .
Discussion
Sintered Si 3 N 4 -based composites are usually machined by hard grinding with diamond tools. As an alternative to this expensive and time-consuming manufacturing method, the EDM has been introduced with encouraging results, achieving complex shapes from dense electroconductive bulks with high densification [17] . Accurate semi-finished Si 3 N 4 -TiN surfaces may be either used as they are, or further finished through diamond polishing [34] . Based on this observation, the two surfaces tested in this study, namely ModA and ModB, were respectively the result of the EDM process prior and after the polishing with diamond suspensions. The chemical and physical characterization analyses performed assessed the interface features of the two surfaces in terms of roughness and wettability. Sa values of ModA and ModB differed significantly, being respectively 2.92 and 0.88 lm. According to Albrektsson and Wennerberg [42] , Sa values should be comprised between 1 and 2 lm to achieve a positive biological response while controlling unfavorable plaque accumulation on titanium implants. This optimal range refers, however, to osseointegrated dental implants. Little information is available about the most favorable surface characteristics of silicon nitride.
The reported data concerning surface wettability are consistent with the profilometric analysis. The Si 3 N 4 -TiN samples displayed the typical water contact angles cited in literature for nitride-terminated surfaces [43] . The higher contact angle with water (*60°) of ModA suggests a sort of repulsing behavior towards water spreading due to the presence of air bubbles trapped among peak-to-peak interspaces of the surface microstructures. Moreover, it confirms that a different topographical pattern is present on the ModA surface with respect to ModB, while the surface chemistry of the specimens is left quite unaffected by the surface finishing, as demonstrated through the negligible difference (*4 mN m) in surface energy values that are both typical of a moderately hydrophilic surface.
The importance of surface topography, when dealing with the biological effects elicited by interfaces, has been stated and described many times in the scientific literature [42] . For instance, osteoblasts are able to interact with a microstructured pattern independently of the hydrophilicity or hydrophobicity of the surface itself, as reported by Gristina et al. [44] for MG63 cells on highly hydrophobic PTFE ribbon-like coatings. The present paper appears to be in accordance. Here, the biological response was studied in vitro on MC3T3 cells, a widely diffused osteoblast model [45] .
The effect of roughness on cell adhesion, hence, indirectly, on the capacity to sustain a greater number of proliferating cells, has been mainly attributed to an increased surface-to-volume ratio that may provide more sites for cell attachment [46] . The rough ModA surface (Ssk = -0.34 lm; Sku = 6.05 lm; SZ = 69.36 lm) promoted proliferation and augmented the density of focal adhesions compared to ModB (Ssk = -1.40 lm; Sku = 5.11; SZ = 8.46). Indeed, once seeded, osteoblasts interact with their substrates via integrins, which cluster and associate with cytoskeletal elements forming focal adhesions, usually within 24 h. Therefore, as a result of the extracellular cues, the more numerous focal adhesions Figure 6 a ALP Activity assay normalized on whole protein content. ALP Activity was measured at 0, 7, and 14 days. b Alizarin Red S quantification measured after 21 days from differentiation induction. c Quantification of release osteocalcin in medium at 7, 14, 21 days, evaluated using ELISA assay. Error bars represent standard error. The asterisk (*) indicates the statistical significance vs. ModB using Student's t test considering a p value \0.05.
present on ModA increased cell complexity and enabled the formation of filopodia-like structures, through the cytoskeleton arrangement. Instead, when grown on ModB specimens, MC3T3 cells displayed a flat morphology, as it could be predicted for a smoother surface.
Besides proliferation, cell morphology has been correlated to critical functions such as differentiation [47] [48] [49] [50] . It is noteworthy that the osteogenic differentiation, as measured by calcium deposition and osteocalcin quantification, was significantly increased in ModA samples. A similar trend was also detected for alkaline phosphatase activity, an early osteogenic marker, albeit not in a statistically significant way.
All together these data confirm the preliminary finding by Bucciotti et al. [34] and shed light on the possible useful application of surfaces directly obtained by EDM. Further research should be oriented at investigating the in vivo effects of such surface finishing, as well as the importance of the texture in the pattern recognition operated by cells.
Conclusions
This work highlights the promising properties of an electroconductive silicon nitride-titanium nitride (Si 3 N 4 -TiN) composite as a bone interface material, owing to its biocompatibility and capacity to sustain in vitro osteogenesis. Notably, the surface obtained through the EDM process without further polishing seemed particularly suitable to elicit a proper osteoblastic response. Taken together these results suggest that the non-oxidic ceramic composite tested may prove a good candidate for intrabony use in its rougher form.
